For implementation of a high-speed, radiation hardened, Charge Sensitive Preamplifier (CSP) in the monolithic 2pm BiCMOS technology (called HFSCMOS), the performance of the available NPN and PNP transistors were measured, before and after neutron irradiation. Also monolithic CSPs, realized with the same technology, were irradiated and investigated. The neutron irradiation effect on the base spreading resistance (r66') of the CSP input NPN-transistor is shown. Design strategies, to reduce the radiation damage effects in the CSP Performance, were studied. A new CSP design version is proposed. A novel method for measuring the series noise of the CSP, at large input capacitances, was used. The method minimized the errors caused by the CSP rise-time.
I N T R O D U C T I O N
Future LHC collider experiments face stringent requirements regarding speed, noise, and radiation hardness. High speed of operation is required, for the foreseen high interaction event rate. Radiation hardnetw is needed, since the electronics must be close to the detector and the expected radiation environment, in the highly exposed regions, is a neutron fluence of about 1014n/(cma year) a d a dose of photons and charged particles of a few Mrad/year.
The goal of this research is to implement a low-noise, high-speed, radiation hard, monolithic Charge Sensitive Preamplifier (CSP) using BiCMOS technology [l , preliminary CSP prototypes were tested, before and after irradiation with neutron fluences, ranging from about 1012n/cm2 to 3 x 1014n/cm2. The obtained results enabled the evaluation of neutron radiation effects on the performance of the future CSP.
(called HFBCMOS
The short shaping-time range of operation (tens of nsec) makes the use of a Bipolar Junction Transistor (BJT) input device [3] advantageous in terms of noise and are, therefore, employed in the realized CSP. A low series noise, for low biasing currents, is obtained and the parallel noise of the input device affects negligibly the total noise performance. Thus, discrete, HF2CMOS BJT devices and CSPs were irradiated and tested.
A new design of the dimension of the input NPN device, based on the irradiation results obtained for both the HF2CMOS CSP and NPN transistor, and the silicon detectors to be used [4] , is analyzed.
The measurements of the radiation effects on the BJTs devices (HF2CMOS process) and the noise performance of the CSP, before and after the irradiation, are shown. A novel series noise measurement set-up was used for finding r)bl. The method reduces the error introduced by the CSP rise time in the extraction of the noise parameters.
INVESTIGATION OF IRRADIATED BJTs
The read-out electronics of experiments at LHC will be exposed to high fluences of neutrons and a dose ol' photons and charged particles. The two types of radi ation cause different effects in BJT and MOS devices.
BJT devices are less sensitive to photon radiation, but their performance is being degraded by neutron irradiation, which creates generation-recombination (G-R) centers into the energy gap of the semiconductor. 1 Theae centers diminieh the minority carrier mean lifetime and incream the recombination current, thus, the baae current, I B . Aa a result, the current gain, P, de- creaees. The induced neutron degradation in BJTs, is inversely proportional to their transition frequency ( f~) [5] , which is very large in the NPN ( f~ = 6GHt) and in Vertical Isolated P N P transistors ( f~ = OGHt), available in HFBCMOS.
MQS devica are lese sensitive to neutron radiation, being majority carrier devicee (the only effect is an increase of the l/f noise). Ionizing radiation, like charged particles or photons (which produce free charges), may damage this sort of devices. In fact, the free charges, generated in the silicon bulk, can fully recombine, while in the silicon oxide the recombination ie limited. Therefore, irradiation c a w accumulation of charge in the oxide, which may modify the characteristics of the MOS device (61 and results, mainly, in a threshold volt age shift and tramconductance change.
The high operation speed impoeed by the event rates, requiree the u e of a BJT input device. Therefore, great attention has been given to BJT transistors (both NPN and PNR, produced in HF2CMOS technology). Their radiation hardness properties were studied, before and after irradiation, with neutrons. The irradiations were done at two different laboratories, at CBNM ( G e l , Belgium) up to a fluence of 1.3 x 101'n/cma and at the PSAIF facility (CERN) at 3 x 10"n/cm2. At the CBNM facility the detectors were exposed to neutrons with an energy of about 2 MeV.
A net incream of the baae current, IB, caused by the trapping of the minority carriers in the G-R centers, after irradiation, reaulta in a lower current gain, p, for low collector curryt, IC, since in this case, the contribution of generation-recombination becomes significmt with regard to the drift contribution.
The decreaaa of B, due to a 1.3 x 10'%/cma neutron irradiation, at low 10 values for HFSCMOS NPN tramistore can be oeen in Fig. 1 The same studiea were performed for a lateral PNP device. In Fig. 2 it can be seen that the @ reduction for an L-PNP traneietor, at the m e fluence (1.3 x 1013n/cma) ie larger than that of the NPN. This ie due to the dependence of the induced neutron degradation where K is the damage constant. For the available d e vices, the transition frequency of the G P N P is smaller ( f~ = 20MHr) than that of the NPN ( f~ = 6GHr).
The new available Vertical PNP traneistora for a stronger irradiation (3 x 10%/cma) had a @ variation of lese than 75%, from about 100 to 25, for a standing current IC larger than 160pA, aa shown in Fig. 3 . Although this degradation io quite large, it will be AOWA that a proper design can make ita effect negligible to the overall CSP performance. 
INVESTIGATION OF NON-AND IRRADIATED CSP
The CSPs [l] were irradiated at the Dubna facility, at a neutron fluence of up to 1014n/cm2, at the CERN PSAIF facility at 3 x 10"n/cm2 fluence, and at the C C facility, Buchareet, up to 1.1 x lO"n/cm2.
Set-up for oeriee noise m e a s u r e m e n t s
The value of the baae spreading resistance, f b b l , was determined by measuring its effect on the series noise of the device. The set-up used ie shown in Fig. 4 where n is the number of seros.and m+n the number of poles, The noise ie proportional to the Root Mean Square (RMS) voltage at the output of the chain. where CD is the capacitance simulating the detector, Cj is the feedback capacitance, C+ is the injection c& pacitance, and Cj is the input capacitance of the CSP; Q and @ are coefficients depending on the number of poles and zeros o-f the filter (Eq. (2)) and T is the filter time constant. e2 = 4kT(rbv + O.S/sm) is the seriee noise of the DUT, given by the base spreading r e tance, Tbb#s and the collector ehot noise, 0.5/gm;if SS 2qls is the parallel noiee of the base current, T ia ab.
solute temperature, and k ie the Boltzmann constant.
The following procedure for extracting the aeries noise is usually used: a low time constant r which makes the contribution of the parallel noise negligible, is chosen. 
3,2 Results and discussion
This new method waa used to measure the effect of neutron irradiation on the monolithic CSP made by the HFlCMOS p r o w [l].
Ae can be wen in Fig. 4 , a bandpese filter is connected at the output of the CSP. The general purpose filter was set as an RGCR filter with one pole and one zero (where n=m=l, (Eq.2)). In is three times larger than the minimal area. The avaage fbh' of the first batch (Fig. Sa) was 233 Q and of the second batch (Fig. 6b) was 31352. It can be seen that the expected spread of the values is, from wafer to wafer, within 34%. samples with higher r))l (average , before irrediation was 313Q) were irradiated at the Dubna facility (up to neutron fluence of lO"n/cma) and at the CEWI PSAIF facility at 3 x 101'n/cm2 fluence. In the Dubna facility, the neutrons (generated by a nuclear reactor) had a mean energy spectrum, which in lethargy units has a peak at about 1.5 MeV. The r))' increased with irradiation and measurementti, after a few months, were published [7] . However, about three years after the irradiations, the rbp values were between 235 to 245 n (23% lower than the r))' values before irradiatiou).
This indicatea that there is a aelf annealing process.
Samples with lower rlv (average, before irradiation was 23352 ) were irradiated at the facility, Bucharest, where a maximum fluence of 9.9 x 1013n/cm2 was obtained. The neutrons, produced by a nuclear reactor and moderated by filters, had a mean energy spectrum which, in lethargy unite hes a peak at about 1 MeV [SI. The fluences were determined by using three fission chambers. Measurements after irradiation at 1.1 x 1013n/cm2,4.5 x 1013n/cm2, and 1.1 x lO%/cm2, were performed. The results are presented in Table 1 : 1 x 101s (4.6 x 101s (1.1 x 1014 n/cma) n/cma) n/ma) It can be wen that the value8 of r))' decrease as a result of self annealing. After about 9 months, rbb' reached the initial value (before irradiation) and after about one year, it becomes about 10% lower.
Considering that the quoted neutrons fluence WBB applied for a very short time, but that the expected experimental conditions would reach that level after 10 yeare of running, the reaulte are adequate.
In order to optimize the noise performance (in particular the rbbl maximum d u e ) the overall system has to be analyzed.
CONCLUSIONS
A characterization of the HF2CMOS monolithic procese, after neutron irradiation, WBB made with the purpose of developin4 , a very fast Charge Sensitive radiation-hardened Preamplifier (CSP). HF2CMOS discrete NPN and PNP tramistors were irradiated at neutron fluenceo of up to 3 x i P n / m 2 .
The dynamic performance of NPN transistore after irradiation &owed that the current gain decreased by about 30%. The degradation of PNP transistor8 lead to a decrease of current gain of lesa than 70%.
An experimental CSP version WBO equally irradiated. The n o k performance was marginally affected. Tho velusr of rbbC docrscrsed with self craneding and raeched the iaitid vdue (before irradiation) after about 9 months. Valueo, lower than the initial ones, were reached for longer perioda of +-anneeling. The series noise measuremento were performed, employing a novel setup.
The increaae of the input current, caused by tho current gain decreaee, contributes to a noise degradation of only S%, when the right ehaping time (20 M) in uo(td.
The obtained irradiation effects on HFlCMOS dik Crete components and CSPe, are being utilized for the design of a radiation hardened CSP.
ACKNOWLEDGMENT
The help of G. Pinzan and C. Onado, in performing accurate noise measuremente, ie very much appre ciated.
